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ABSTRACT
The unusual morphologies of the Andromeda spiral galaxy (M31) and its dwarf companion M32
have been characterized observationally in great detail. The two galaxies’ apparent proximity suggests
that Andromeda’s prominent star-forming ring as well as M32’s compact elliptical structure may result
from a recent collision. Here we present the first self-consistent model of the M31-M32 interaction
that simultaneously reproduces observed positions, velocities, and morphologies for both galaxies.
Andromeda’s spiral structure is resolved in unprecedented detail, showing that a rare head-on orbit is
not necessary to match Andromeda’s ring-like morphology. The passage of M32 through Andromeda’s
disk perturbs the disk velocity structure. We find tidal stripping of M32’s stars to be inefficient during
the interaction, suggesting that some cEs are intrinsically compact. Additionally, the orbital solution
implies that M32 is currently closer to the Milky Way than models have typically assumed, a prediction
that may be testable with upcoming observations.
1. INTRODUCTION
Much effort has been dedicated to characterizing our
“sister galaxy” M31 with observational surveys such
as the Pan-Andromeda Archaeological Survey and the
Panchromatic Hubble Andromeda Treasury. The strik-
ing star-forming ring structure of Andromeda’s disk
could result from orbital resonances driven by bar insta-
bility or a galactic collision. However, because the rings
are slightly offset from the disk center and differ from the
expected resonance corotation radii, an off-center colli-
sion is the most likely cause (Braun 1991; Gordon et al.
2006; Block et al. 2006).
Prominent among Andromeda’s companions is the
compact elliptical (cE) galaxy M32. Superimposed
on Andromeda’s disk, M32 has long been suspected
of distorting the underlying spiral structure via a
past interaction (Schwarzschild 1954; Byrd 1976;
Cepa & Beckman 1988). A theoretical understanding
of Andromeda’s assembly history is lacking however, as
efforts to model past satellite mergers have been hin-
dered by unknown phase-space coordinates. While it
is well known that Andromeda’s line-of-sight velocity is
∼100 km s−1 greater than that of M32 (Mateo 1998),
large uncertainties remain on the two galaxies’ transverse
velocities (e.g. van der Marel & Guhathakurta 2008;
Sohn et al. 2012). M32 appears only ∼5 kpc offset from
the center of M31 in projection; however, its line-of-sight
distance is not tightly constrained. Indirect evidence
that M32 lies in front of M31 comes from its blue color,
the absence of superimposed dust clouds (Ford et al.
1978) as well as one candidate M31/M32 microlens-
ing event (Paulin-Henriksson et al. 2002). Uncertain
proper motions and physical separation make assigning
an orbit to M32 a challenging task. Driven by newly
available high-quality infrared imaging of Andromeda’s
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ring-like structure, recent numerical works have modeled
M31-M32 interactions (Gordon et al. 2006; Block et al.
2006). Simulations where M32 is treated as a point par-
ticle fail to reproduce ring-like features, and the interac-
tion signatures dissipate within 20 Myr due to differen-
tial rotation (Gordon et al. 2006). The first full N -body
simulation of an M31-M32 encounter succeeds in produc-
ing a ring in Andromeda’s disk (Block et al. 2006), but
does not match the two galaxies’ observed positions and
velocities (Davidge et al. 2012).
A number of alternative scenarios have been pro-
posed to explain Andromeda’s morphology. For example,
Hammer et al. (2010) successfully model key properties
of M31 with a 3:1 gas-rich merger ∼9 Gyr ago. With dis-
torted outer isophotes, the spheroidal galaxy NGC 205
is another close companion of M31 that shows signs of
tidal interaction. A stellar stream possibly tracing out
its orbit (McConnachie et al. 2004) was later refuted by
theoretical constraints on infall direction (Howley et al.
2008). NGC 205’s infall velocity suggests that it is on its
first pass towards Andromeda and cannot be responsible
for past disruptions to M31’s disk (Howley et al. 2008).
The origin of the compact morphology and high surface
brightness of M32-like galaxies is still debated. Because
most of the known cEs tend to be found close to mas-
sive galaxies, they are often conjectured to arise through
tidal stripping driven by interactions with larger neigh-
bors (Faber 1973; Bekki et al. 2001; Chilingarian et al.
2009). The finding of two M32 analogues with clear evi-
dence of tidal streams by Huxor et al. (2011) argues in
favor of the stripping scenario. An alternative view sug-
gests, however, that cEs are the low-mass continuation
of the elliptical galaxy family (Wirth & Gallagher 1984;
Kormendy et al. 2009). This is supported by the re-
cent finding of a “free-flying”, isolated cE (Huxor et al.
2013). The evolution of dwarf spheroidal galaxies is
thought to be dictated by tides (e.g. Mayer et al. 2007;
Kormendy et al. 2009), with evidence that the core ra-
dius remains unaffected even in the event of extreme
mass loss over multiple passages (Pen˜arrubia et al.
2008). Modeling the formation of compact M32-like
dwarfs thus remains challenging, as e.g. Bekki et al.
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(2001) simulate the stripping of a spiral galaxy down to a
bulge resembling a cE, while Choi et al. (2002) observe
little evolution from tidal effects.
Our work uses a combination of full hydrodynamic sim-
ulations and test particle modeling to simultaneously re-
produce the morphologies and orbits of Andromeda and
M32. We describe our numerical methods in §2. The
results from our fiducial simulation are presented in §3,
and our conclusions are summarized in §4.
2. SIMULATION METHODS
2.1. Preliminary GADGET simulations
First we conduct a preliminary suite of hydrodynamic
minor-merger simulations with the smoothed-particle hy-
drodynamics (SPH) / N-body code GADGET-3 (Springel
2005; Springel & Hernquist 2003). The aim is to con-
strain the parameter space of the M31-M32 orbit and find
a plausible model for M32’s progenitor galaxy, account-
ing for the important effects of dissipative forces. The
simulations start with an M31 virial mass of 1.6 × 1012
M⊙ and mass ratios ranging from 1:7 to 1:30. To explore
the variation in ring structure created by the passage,
we simulate collisions with varying incidence angles and
impact parameters. From these test simulations we find
that spiral structure appearing ring-like at high disk in-
clination forms even for inclined orbits with impact pa-
rameters of order 10 kpc, in agreement with results for
more moderate mass ratio collisions (e.g. Fiacconi et al.
2012; Mapelli & Mayer 2012). Off-center impacts are
more probable and more likely to create perturbations
offset from the disk center. Crucially, in each case only
the first passage is strong enough to excite ring-like
waves in the main disk. Later phases of the merger are
excluded, as these initial disturbances dissipate within
∼ 1 Gyr. The persistence time of the spiral structure and
minimum mass ratio necessary to excite waves are consis-
tent with the flyby collisions simulated by Struck et al.
(2011). We conclude that M32 is presently near apocen-
ter and on its way to a second passage through M31.
Given this consideration, plausible progenitor mor-
phologies for M32 are severely constrained. The com-
bination of an intermediate halo concentration param-
eter cM32 = 8 and a small virial mass of 8 × 10
10 M⊙
matches M32’s low rotation velocity, as measured by
Howley et al. (2013). Aiming to reproduce M32’s ob-
served half-light radius of ∼0.1 kpc (Graham 2002), we
test a range of masses and physical sizes for the disk and
bulge and find that one passage through M31’s disk is not
sufficient to strip the M32 progenitor to sub-kiloparsec
scales. We conclude that the progenitor must be initially
compact and bulge-dominated (see also §3.4).
2.2. Point-particle model
With these initial results at hand we further narrow
down the orbital parameter space with a point particle
model, aiming to match the observed radial velocities
and positions of the two galaxies. Given the impact pa-
rameter, inclination range and number of passages in-
ferred from our preliminary hydrodynamic simulations,
this approach allows for rapid searching of the parameter
space. Here M32 is modeled as a point particle evolving
in a fixed Navarro, Frenk and White dark matter po-
tential (NFW; Navarro et al. 1997) representing M31.
TABLE 1
Initial conditions for fiducial model.
Parameter Description Andromeda (M31) M32
M200 Virial mass (M⊙) 1.6× 1012 8.0× 1010
R200 Virial radius 185 kpc 67 kpc
c Halo concentration 12 8
mb Bulge mass (M⊙) 2× 10
10 8× 108
md Disk mass (M⊙) 8× 10
10 8× 108
fg Disk gas fraction 0.1 0.033
a Bulge scale length 1.8 kpc 0.25 kpc
Rd Disk scale length 5.5 kpc 0.25 kpc
c0 Disk scale height 1.14 kpc 0.25 kpc
Note. — M31 parameters are adapted from Widrow & Dubinski
(2005). M32 parameters are chosen based on test simulations.
We use standard ΛCDM cosmological parameters values of H0 =
70 km s−1 Mpc−1 and Ωm = 0.27.
To provide plausible cosmological initial conditions, we
initialize M32 at approximately the virial radius of An-
dromeda and with varying angular momentum. Assum-
ing an NFW halo profile, we track the mass enclosed
within M32’s tidal radius to evaluate tidal stripping and
dynamical friction in time.
For a satisfactory orbit we require the M31-M32 dis-
tance to be within the error bars on their relative distance
(∼120 kpc; e.g. Freedman 1989; Choi et al. 2002). We
also require trajectories to be mostly radial with respect
to the Milky Way (e.g. van der Marel et al. 2012) by se-
lecting total relative M31-M32 velocities between 90 and
110 km s−1. Because Andromeda’s two main rings are
offset from the galaxy center by 0.5-1 kpc (Block et al.
2006), we select an orbit with an intermediate impact pa-
rameter of ∼ 10 kpc to resimulate at high resolution with
GADGET-3. As the orbital match between the approxi-
mate semi-analytic model and the SPH code is imperfect,
we then tune the orbital solution with repeated SPH runs
at intermediate resolution to match the observed M31-
M32 configuration.
3. RESULTS
3.1. General features of the orbit
Our final, high-resolution simulation of the best-match
orbit has a baryonic (dark) particle mass resolution of
2 × 104 M⊙ (5 × 10
5 M⊙). An overview of our fidu-
cial simulation is presented in Figure 1, and its param-
eters are summarized in Table 1. The observed gas and
stellar morphologies of Andromeda are reproduced very
well. The off-center impact generates expanding spiral
arm structure, which in projection on the sky appears
ring-like (“pseudo-rings”), bearing a strong resemblance
to infrared maps (e.g. Spitzer MIPS in Gordon et al.
2006; Draine et al. 2014). Using a combination of in-
frared imaging, Draine et al. (2014) identify a deficiency
of dust between ∼16 and 20 kpc on the southwest side of
Andromeda’s disk, a region also found to be deficient in
HI gas (Nieten et al. 2006; Braun et al. 2009). Indeed,
our contour density maps (Figure 1b) are consistent with
a below-average gas density in that sector. This localized
deficiency could be related to the fact that M32 passes
through the southwest side of the disk in our simulation.
M32’s current observed position is reached 2 Gyr af-
ter the start of the simulation, shortly after apocen-
ter. Because M32 and M31 are almost aligned along
Signatures of the M31-M32 Galactic Collision 3
Fig. 1.— The simulated collision between Andromeda and M32 shown at the time of best match to current observations. Panels a and
b: gas morphology viewed face-on and in projection on the sky. Panel c: face-on M32 dark matter density map (note the larger scale).
Panel d: stellar density map viewed in projection. In panel b, a dashed ellipse marks the location of M31’s 10 kpc pseudo-ring. The dim,
incomplete outer ring tentatively identified in infrared images (Gordon et al. 2006) is also reproduced. Black and white lines indicate the
trajectories of Andromeda and M32, respectively, and include plus signs spaced every 500 Myr. Angular scales are calculated assuming a
distance to M31 of 780 kpc.
our line-of-sight and the simulated orbit is close to ra-
dial, the low observed M31-M32 relative radial veloc-
ity (∼ 100 km s−1) constrains the orbit to be near
turnaround. The current M31-M32 separation is there-
fore near maximum, with M32 lying ∼ 85 kpc in front
of Andromeda in projection on the sky. Although the
two galaxies lie close together in projection and are com-
monly assumed to be at essentially the same distance,
our result is within the 2σ range of existing distance
measurements (Freedman 1989; Monachesi et al. 2011;
Sarajedini et al. 2012). The prediction that M32 lies
10% closer to us than M31 may be testable with im-
provements in the calibration of red giant branch dis-
tance indicators.
Contrary to previous models, which place the col-
lision less than ∼200 Myr ago (Block et al. 2006;
Gordon et al. 2006), in our simulation the passage oc-
curred 800 Myr in the past. This is consistent with the
star-forming history of the pseudo-rings, which constrain
the last major interaction between M31 and a companion
to have occurred at least ∼500 Myr ago (Davidge et al.
2012). Our simulation also shows that a realistic passage
with an inclined (non-polar) incidence angle and an in-
termediate impact parameter of 10 kpc leads to slightly
offset pseudo-rings, as observed. A significant amount
of the dark matter stripped from M32 has accreted onto
M31, while the rest forms large-scale tidal features (Fig-
ure 1c).
3.2. The collision’s effect on the orbit of M31
Initially at rest in the simulation, M31’s total displace-
ment over the course of the interaction is ∼ 15 kpc. The
projected shift of M31’s disk on the sky is ∼ 0.5◦ (see
Figure 1), comparable to the angle subtended by the
full Moon. Note that this could also be predicted an-
alytically; in the point-particle limit, a total M31 dis-
placement of twice the initial distance from the M31-M32
barycenter, or 18 kpc, is expected. This highlights the
importance that minor dwarf satellites might have had
4 M. Dierickx
TABLE 2
Velocity properties of the fiducial orbit.
Velocity magnitude (km s−1) Andromeda (M31) M32
Current full v 1.6 117
Current vtransverse 1.4 53
Mean full v over past 2 Gyr 8.8 148
Mean vtransverse over past 2 Gyr 5.0 100
Max full v over past 2 Gyr 33 514
Max vtransverse over past 2 Gyr 16 361
in the dynamical history of the Local Group.
Table 2 presents kinematic information for the two
simulated galaxies. M32 is predicted to have a current
transverse velocity magnitude of ∼ 50 km s−1 with re-
spect to the Milky Way. However, since the orbit is
presently near turnaround, the current velocity signa-
ture on M31 is small; its present transverse speed is
only ∼ 1.4 km s−1. This is consistent with a radial or-
bit toward our Galaxy, in agreement with Andromeda-
Milky Way head-on collision scenarios (Cox & Loeb
2008; van der Marel et al. 2012). Various indirect galac-
tocentric transverse velocity estimates yield values of
Vtan ≃ 17−100 km s
−1 (van der Marel & Guhathakurta
2008; Sohn et al. 2012; van der Marel et al. 2012) with
significant uncertainties. The discovery of five water
masers in M31 (Darling 2011) is the first step toward
a detailed proper motion study using Very Large Base-
line Interferometry.
3.3. Kinematic effects on Andromeda’s disk
Imperfections in the rotation curve modeling of An-
dromeda are expected to add a measurable uncertainty
to proper motion observations (Darling 2011). In Fig-
ure 2 we present a face-on map of Andromeda’s stellar
disk, showing the velocity perpendicular to the disk plane
and the in-plane component along the direction to M31’s
center. A comparison with M31’s disk simulated in iso-
lation highlights the significant perturbations caused by
M32’s passage. The pseudo-rings map to ∼40 km s−1
deviations perpendicularly to the disk plane and in the
radial direction. Observed deviations in maser transverse
velocities are on the same order (Darling 2011), sug-
gesting that velocity perturbations induced by M32 may
affect detailed modeling of M31’s disk.
In Figure 3 we present the averaged radial and tan-
gential components of the stellar and gas particle veloc-
ities relative to the disk center. For a simulation where
M31 is evolved in isolation, deviations from a smooth
velocity profile are only of order 5 km s−1, confirming
that the perturbations in Figure 3 are caused by M32’s
passage. In the northwest quadrant (I) of Andromeda’s
disk, on average the particles located at a radius of 15-
20 kpc have outwardly directed radial velocities peaking
at ∼30 km s−1. This excursion could be related to the
location of the simulated passage between sectors I and
IV of the disk.
Finally, we note that Andromeda’s disk grows in size
on the sky as it approaches the Milky Way at vrad ≃
110 km s−1. This apparent expansion can be approxi-
mated as θ˙app ∼ Rvrad/D
2, where R ∼ 20 kpc is the
physical radius of the disk and D ≃ 780 kpc the dis-
tance to Andromeda. Because the perturbations to the
radial velocity profile due to M32’s passage are of order
∆vrad ∼ 30 km s
−1 (Figures 2 and 3), the corresponding
deviations in angular velocity, ∆θ˙rad ∼ ∆vrad/D, dom-
inate the apparent angular expansion by a factor of 10.
Disentangling this effect from peculiar motions and ap-
parent expansion represents a new complication for fu-
ture maser proper motion studies.
3.4. Formation mechanism of M32
The formation mechanism of M32-like galaxies remains
under debate. Usually found close to massive neigh-
bors, cEs could be tidally stripped remnants, a scenario
which does not explain the finding of an apparently iso-
lated M32 twin (Huxor et al. 2013). From a theoreti-
cal standpoint, previous simulations (Bekki et al. 2001;
Choi et al. 2002) are limited by the treatment of the host
galaxy as a static analytic potential over short timescales.
In our simulations, only M32’s first passage is disrup-
tive enough to produce significant pseudo-rings in An-
dromeda. cE formation scenarios in which the satel-
lite is stripped over many passages are therefore diffi-
cult to reconcile with ring formation via interaction with
M32. Tidal stripping during this first passage decreases
M32’s total mass by more than a factor of ten, yield-
ing a final mass of ∼ 2 × 109 M⊙ consistent with cur-
rent estimates (Nolthenius & Ford 1985; Mateo 1998).
However, the passage primarily strips matter from the
halo of M32 and reduces its half-light radius by only
∼ 20 − 40%. The minimum tidal radius attained dur-
ing the interaction is ∼ 1.8 kpc, meaning that the inner
baryonic component is not sufficiently stripped to yield
a cE-like morphology. This finding is in agreement with
surface photometry studies, which observe a lack of ev-
idence of tidal stripping inside of ∼ 1 kpc from M32’s
center (Choi et al. 2002; Howley et al. 2013). The fact
that the bulge is left intact in our simulations is also
consistent with the fact that M32 lies on the observed
black hole mass – bulge stellar velocity dispersion rela-
tion for undisturbed bulges (Ferrarese & Merritt 2000).
Our simulated M32 retains an exponential, gas-poor disk
component qualitatively consistent with observations by
Graham (2002). This suggests that M32, with its effec-
tive radius of ∼ 0.1 kpc, may have evolved from an intrin-
sically compact progenitor and lends support to the idea
that not all cEs are tidally-stripped remnants. An alter-
nate scenario, where Andromeda’s ring-like structure is
caused by past interaction with a different satellite and
M32’s compact morphology comes from tidal stripping
over multiple passages, cannot be excluded given current
observed constraints.
From interferometric observations of neutral and
molecular hydrogen, an upper limit of only 8×104 M⊙
has been derived for the cool gas mass present within
1.3’ of M32’s center (Welch & Sage 2001). M32’s miss-
ing interstellar medium could be due to a combination
of gas stripping, star formation and active galactic nu-
clei (AGN) feedback. However, 2-5 Gyr old stars con-
tribute ∼40% of the stellar mass in M32 and there
is little evidence of star formation in the past 2 Gyr
(Monachesi et al. 2012). Host to a (2.4± 1.0)× 106 M⊙
black hole (van den Bosch & de Zeeuw 2010) shining at
∼ 2 × 10−8 the Eddington luminosity (Ho et al. 2003),
M32’s nucleus is currently quiescent, presumably due
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Fig. 2.— Kinematic structure of Andromeda’s stellar disk seen face-on. Left panels: disk evolved in isolation. Right panels: disk
after the interaction with M32 (prediction for the current time). The top row shows the corresponding stellar density maps. The bottom
row presents the velocity structure of the stellar particles: velocity perpendicular to the disk plane (color scale) and in-plane component
along the direction to M31’s center (arrows). An arrow of length 1 kpc corresponds to a magnitude of 20 km s−1. Included here are all
particles within three scale heights of the disk midplane. The data in the right panels are rotated by -3◦ around the x-axis and 3◦ around
the y-axis in order to compensate for the disk tilt induced by M32’s passage. The pseudo-ring features produced by the collision are traced
out by velocity excursions.
to its gas-poor environment. However, AGN feedback
from past episodes of black hole growth may have played
a role in removing gas from M32. Recent searches
(Reines et al. 2013, and references therein) have lead to
an increased sample of dwarfs with known AGN.
Here we discuss whether ram pressure stripping in our
candidate orbit could lead to the observed lack of gas.
From momentum conservation, vimpact ≃ 500 km s
−1
yields a velocity boost of 63 km s−1 for the M32 gas in
the frame where it is initially at rest. Given a fiducial
M32 circular velocity of 60 km s−1, vfinal & 150 km s
−1
is required to unbind the gas in the simulation. This
suggests that the gas in our M32 model will not be com-
pletely unbound by the passage, in agreement with our
fiducial simulation where only a small amount of strip-
ping is observed. While the gas mass within one tidal ra-
dius decreases by a factor of 3, the mass inside of one disk
scale length is only reduced by ∼ 20%, leaving 50 times
more gas than the observed upper limit of 8×104 M⊙
(Welch & Sage 2001). For strong gas stripping, we find
that an initial gas fraction of 0.01 is required, which we
cannot adequately resolve given the baryonic mass reso-
lution of our highest-resolution simulation. To summa-
rize, we estimate that the gas in M32 can be efficiently
removed by a single passage through M31’s disk provided
the progenitor is gas-poor (initial gas mass of less than
∼ 106 M⊙), but resolution limits prevent us from ro-
bustly testing this conclusion directly. The predicted
6 M. Dierickx
Fig. 3.— Components of azimuthally-averaged star (top row) and gas (bottom row) particle velocities as a function of radius for
different quadrants of Andromeda’s disk in projection. The left panels present the radial component of the velocities, while the right
panels show the tangential component. As in Figure 2, the data are rotated by -3◦ around the x-axis and 3◦ around the y-axis to
compensate for the disk tilt induced by M32’s passage. A color-quadrant location key is given in the top left corner of each panel. Colored
bands correspond to the standard deviation of the velocity distribution in each quadrant. The increasing dispersion towards smaller radii
in the stellar velocities is caused by the bulge component. Included here are all particles within three scale heights of the disk midplane.
For the gas panels, the first radius bin is omitted as the density is too low near the center (a numerical artifact). Velocity excursions are
related to the ring-like density enhancements seen in Figure 1; the fact that they are not collocated in radius is expected because velocity
extrema do not correspond to where particles collect in space.
collision with M31 could plausibly trigger gas removal
via a combination of gas stripping, enhanced star forma-
tion and AGN activity.
4. SUMMARY
An off-center collision with dwarf companion M32
explains the apparent nested ring morphology of An-
dromeda’s disk. Because the impact parameter of the
collision is allowed to be a factor of ten larger than in
previous works (e.g. Block et al. 2006), the orbit is much
more probable. Under this scenario, M32’s passage oc-
curred 800 Myr ago and produced measurable velocity
perturbations in Andromeda’s disk. The simulated orbit
implies that M32 is ∼ 100 kpc closer to the Milky Way
than previously thought. Our simulations are the first
to model the evolution of the combined system over 2
billion years in a manner consistent with the observed
positions and velocities of both galaxies. Only the first
passage is disruptive enough to generate rings in M31,
and the associated tidal stripping is insufficient to pro-
duce an M32-like morphology, supporting an intrinsically
compact origin for cEs. Too many phase-space coordi-
nates remain unknown to claim that this orbital solution
is unique. However, if M32’s passage is responsible for
the pseudo-ring structure, our fiducial simulation must
reproduce the general properties of the true M32 orbit.
The lack of gas in M32 remains puzzling: for our fiducial
orbit, ram pressure stripping becomes a viable removal
mechanism only if M32’s progenitor has a very low gas
surface density, suggesting that M32 may have been gas-
poor prior to the collision.
We thank Jeremy Darling for helpful comments on the
manuscript. This work was supported in part by NSF
grant AST-1312034. Support for LB was provided by
NASA through the Einstein Fellowship Program, grant
PF2-130093.
Signatures of the M31-M32 Galactic Collision 7
REFERENCES
Bekki, K., Couch, W., Drinkwater, M. J., & Gregg, M. D. 2001,
ApJ, 557, L39
Block, D. L., Bournaud, F., Combes, F., et al. 2006, Nat, 443, 832
Braun, R. 1991, ApJ, 372, 54
Braun, R., Thilker, D. A., Walterbos, R. A. M., & Corbelli, E.
2009, ApJ, 695, 937
Byrd, G. G. 1976, ApJ, 208, 688
Cepa, J., & Beckman, J. E. 1988, A&A, 200, 21
Chilingarian, I., Cayatte, V., Revaz, Y., et al. 2009, Sci, 326, 1379
Choi, P. I., Guhathakurta, P., & Johnston, K. V. 2002, AJ, 124,
310
Cox, T. J., & Loeb, A. 2008, MNRAS, 386, 461
Darling, J. 2011, ApJ, 732, L2
Davidge, T. J., McConnachie, A. W., Fardal, M. A., et al. 2012,
ApJ, 751, 74
Draine, B. T., Aniano, G., Krause, O., et al. 2014, ApJ, 780, 172
Faber, S. M. 1973, ApJ, 179, 423
Ferrarese, L., & Merritt, D. 2000, 539, L9
Fiacconi, D. Mapelli, M., Ripamonti, E., & Colpi, M. 2012,
MNRAS, 425, 2255
Ford, H. C., Jacoby, G. H., & Jenner, D. C. 1978, ApJ, 223, 94
Freedman, W. L. 1989, AJ, 98, 1285
Gordon, K. D., Bailin, J., Engelbracht, C. W., et al. 2006, ApJ,
638, L87
Graham, A. W. 2002, ApJ, 568, L13
Hammer, F., Yang, Y. B., Wang, J. L., et al. 2010, ApJ, 725, 542
Ho, L. C., Terashima, Y., & Ulvestad, J. S. 2003, ApJ, 589, 783
Howley, K. M., Geha, M., Guhathakurta, P., et al. 2008, ApJ,
683, 722
Howley, K. M., Guhathakurta, P., van der Marel, R., et al. 2013,
ApJ, 765, 65
Huxor, A. P., Phillipps, S., Price, J., & Harniman, R. 2011,
MNRAS, 414, 3557
Huxor, A. P., Phillipps, S., & Price, J. 2013, MNRAS, 430, 1956
Kormendy, J., Fisher, D. B., Cornell, M. E., & Bender, R. 2009,
ApJS, 182, 216
Mapelli, M., & Mayer, L. 2012, MNRAS, 420, 1158
Mateo, M. 1998, ARAA, 36, 435
Mayer, L., Kazantzidis, S., Mastropietro, C., & Wadsley, J. 2007,
Nat, 445, 738
McConnachie, A. W., Irwin, M. J., Lewis, G. F., et al. 2004,
MNRAS, 351, L94
Monachesi, A., Trager, S. C., Lauer, T. R., et al. 2011, ApJ, 727,
55
Monachesi, A., Trager, S. C., Lauer, T. R., et al. 2012, ApJ, 745,
97
Navarro, J. F., Frenk, C. S., & White, S. 1997, ApJ, 490, 493
Nieten, Ch., Neininger, N., Gulin, M., et al. 2006, A&A, 453, 459
Nolthenius, R., & Ford, H. 1985, ApJ, 305, 600
Paulin-Henriksson, S., Baillon, P., Bouquet, A., et al. 2002, ApJ,
576, L121
Pen˜arrubia, J., Navarro, J. F., & McConnachie, A. W. 2008, ApJ,
673, 226
Reines, A. E., Greene, J. E., & Geha, M. 2013, ApJ, 775, 116
Sarajedini, A., Yang, S.-C., Monachesi, A., Lauer, T., & Trager,
S. C. 2012, MNRAS, 425, 1459
Widrow, L. M., & Dubinski, J. 2005, ApJ, 631, 838
Schwarzschild, M. 1954, AJ, 59, 59
Sohn, S. T., Anderson, J., & van der Marel, R. 2012, ApJ, 753, 7
Springel, V., & Hernquist, L. 2003, MNRAS, 339, 289
Springel, V. 2005, MNRAS, 364, 1105
Struck, C., Dobbs, C. L., & Hwang, J-S. 2011, MNRAS, 414, 2498
van den Bosch, R. C. E., & de Zeeuw, P. T. 2010, MNRAS, 401,
1770
van der Marel, R. P., & Guhathakurta, P. 2008, ApJ, 678, 187
van der Marel, R. P., Fardal, M., Besla, G., et al. 2012, ApJ, 753,
8
Welch, G. A., & Sage, L. 2001, ApJ, 557, 671
Wirth, A., & Gallagher III, J. S. 1984, ApJ, 282, 85
